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ABSTRACT
A model for the spreading and evaporation of liquid natural gas
(LNG) when spilled on a 1iquid surface has been developed. The model
includes a model for differential boil-off of the LNG constituents. A
listing of the code, LNGVG, for making these calculations plus calcula-
tional results for an anticipated LNG spill test to be conducted at

China Lake, California are included in the documentation.
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INTRODUCTION

Liquid natural gas (LNG) is a cryogen with a boiling temperature, at 1
atm., of approximately 111° K. Spillage of LNG on a water surface resu]ts‘
in a very rapid spreading into a circular shaped pool. During this spreading
process, heat transfer from the relatively warm water to the cold LNG results
in boiling of the LNG with a resultant high rate of gas vapor generation.

LNG is composed primarily of methane with small fractions of ethane,
propane and nitrogen, see page 5. These constituents have different heats
of vaporization and boiling points with the result that they boil off at
different rates. This differential boil off during vapor generation results
in LNG vapors containing different fractions of constituents than the
originally spilled LNG.

A computer program called LNGVG to calculate LNG Vapor Generation and
differential boil off has been written. A listing of the code is given in
Appendix A. Calculations have been made, using LNGVG, for a spill of 5 cubic
meters of LNG in a time of 50 seconds and are described below. .These spill
conditions are representative of conditions expected during experiments to
be conducted at China Lake.

DISCUSSION

The calculations for the spreading of LNG are approached by determining
the velocity of the leading edge of the LNG pool. This velocity is determined
by considering the outer edge as a density intrusion. The radius of the pool
as a function of time is determined by integration of the velocity equation.
Spreading occurs until pool break-up occurs.

Pool break-up is assumed to occur when the thickness of the LNG reaches
an experimentally determined minimum thickness, due to spreading and evapora-
tion. The break-up is observed to occur at the center of the poq] first and

spreads radially outward until all the LNG has evaporated.
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The rate of evaporation for LNG from a water surface is often
determined experimentally and given as a regression rate (i.e., Em./min,)i
This regression rate represents the sum of the contributions from each of the
LNG constituents. The fraction of this regression rate applicable to each
of the constituents is determined in the calculation by the relative magnitudes
of their heats of vaporization, boiling témperature and volume fraction. This
relative fraction of total boil-off for each constituent varies with time and
is different from the original volume fraction of the LNG.

LNG SPILL SCENARIO

The phenomena that occur during a spill are described below. The LNG is

assumed to be spilled at a certain rate for a finite time.

(1) Initially the LNG spreads radially at a rapid rate, which decreases
as the radius increases. Boil-off of the LNG takes place as soon
as the LNG contacts the water surface. Due to the differential
boil-off phenomenon, the vapors generated have different volume
fractions than the initial LNG. Also, the volume fraction of the
LNG constituents of the»LNG on the water surface changes due to
the differential boil-off.

(2) The LNG spreads out to a radius large enough to vaporize an amount
of LNG equal to the raté of LNG spill. The LNG composition on the
water surface continues to change due to differential boil-off
until a condition is reached where the rate of boil-off of each LNG
constituent equals the rate of sﬁillage of each constituent.

(3) Steady conditions are maintained until the spillage is stopped. Now,
the volume fraction of each constituent in the spilled LNG changes

due to differential boil-off and the vapors generated again have
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volume fractions different from the original LNG volume
fractions.

(4) The volume of LNG left on the water decreases as vapor generation
takes place until the pool begins to break up in the center. ‘
Initially just a small circular area of water is visible. This
circular area increases with time until the entire mass of LNG
has evapofated.

ANALYTICAL RELATIONS

The radius of the LNG spilled on the water surface is given by equation

(1):L1

P, =P /4 1/4
(1) r o= 1.35 (g 2—LNG T Ty 4172
Py
where: r = vradius

p = density of LNG or water (w)
V = volume of LNG on water surface

t = time

The velocity of the leading edge of the LNG is given by d1fferent1at1ng
equation (2) with respect to time while holding V constant:
135 . Py " Pung L1/4 174 <172
[ g =1 v
2 Py

(2) (4r

dt V=constant

The method of applying the above equations was to calculate the spreading
for very short time increments using a constant LNG volume during the time
increment. After each time increment, the volume remaining was adjusted to
account for LNG added during spilling and loss due to evaporation. Thus, the

radius after N+1 successive time intervals, At, is given by:
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= dr.
(3) TS I T N
V—VN
‘e gi 1]
and the volume VN is given by:
(4) Vy = Vo *IV-EV ] &t

where: V = rate of addition of LNG

Rate of evaporation of LNG

n

EV

In the case of a continuous LNG spill, the maximum radius of the pool is

given by:
(5) Vo= R
where: R = maximum pool radius

K = LNG regression rate (length/time)

After spillage of the LNG has stopped, the maximum radius, R, attained
by the pool is assumed to remain constant. During this condition, evaporation

[2]

takes place until the average LNG pool thiékness, h, equals 0.183 cm. and
thereafter pool break-up occurs. Pool break-up initially occurs at the center
of the pool and spread radially outward as LNG is evaporated during pool
break-up, the LNG‘thickness is assumed to remain constant at 0.183 cm. This
value has been experimentally obtained with other researchers[3] obtaining
diffgrent values, up to a factor of 3 larger. Using larger values for pool
break-up results in pool break-up occuring sooner.

Also experimentally obtained is the rate of LNG boil-off expressed as a

regression rate in units of, for example, cm. of LNG per second. A value
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of 0.0423 cm. per second[4] was used in the subsequent China Lake calculation.

This rate represents the sum of the regression rates for each of the various
constituents of the LNG. The regression rate for any individual constituent,I,

is calculated as follows with I = 1 corresponding to methane (CH4):

(CPAT + HVAP)CH PcH FRI(I)A

(6) K = AT HVA%)I p? = % K, FRI (1)
1 I .
where K = experimentally determined LNG regression rate
CP = specific heat
AT = number of degrees that the boiling temperature of
constituent I is above the LNG boiling temperature.
"HVAP = heat of vaporization

Py = 1iquid density of constituent I

FRI(I) volume fraction of constituent I in the original LNG
A = unknown regression rate to be solved for.
Solving (6) for "A" and plugging into the below eguation (7) gives the

‘regression rate, KI’ of constituent I:

(CPAT;+LHVAP2CH4 och, A

(7) K =
I (CLAT + HVAP] o;

The LNG spilled initially on the water contains various volume fractions
of constituents. Throughout the calculations a mass balance is calculated for
each constituent in the spilled LNG. Addition of constituents to the spilled
LNG is determined from the rate of spill and the knowﬁ volume fractions of the
LNG. Loss of constituents from the spilled LNG is by evaporation. The amount

evaporated in a time step At of constituent I is given by Avli
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AVI = KI FS At

volume fraction of constituent I in the LNG pool

where: F

w
1}

surface area covered by LNG pool

In the calculations, the mixture of the constituents is always assumed to
be homogeneous.

CALCULATIONS

The above relations have been incorporated into a computer code called
LNGVG. A listing is provided in Appendix A. Use of this code involves
generating an input file called LNGIN which contains the information called
for by the read statements 6 and 8. Input variables and their units are
described in the comment cards at the beginning of the code. Output is all
contained in an output file called LNGOUT.

Calculations for an anticipated spill at China Lake have been made.

The initial conditions for this spill are given below:

Volume of LNG spilled = 5 meter3
Rate of LNG spillage = 5 meters3/50 sec.
Volume fraction of constituents
in the LNG: Methane (CH4) = 0.922
Ethane = 0.0527
Propane = 0.0112
Nitrogen = 0.0139
LNG Boiling Temperature = 111.7°K (201°R)
LNG Regression Rate = 0.0423 cm/sec (1 inch/minute)
Water Density = 1,000 Kg/m3

Initial LNG Density - 439 Kg/mS
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RESULTS

The results. of the calculations for the volume fraction of each
constituent in the vapors generated vs. time is shown in Figures 1 through
3. From these figures, one sees that the initial volume fraction of methane
and nitrogen in the vaporé is greater than the original fractions in the
LNG, and the initial volume fractions of ethane and propane are less than the
original LNG. The volume fractions in the vapor adjust themselves with time,
however, until at 50 sec (spilling stops at 50 sec) the vapors have approxi-
mately the same volume fraction as the original LNG. After spilling stops,
(time greater than 50 sec) the volume fraction of methane and nitrogen
decreases and that of ethane and propane increases continuously until all the
LNG has evaporated.

The maximum radius attained by the LNG pool is 28.5 feet at a time of 27.0
seconds. Pool break-up is calculated to occur after 61.5 seconds and total
evaporation is completed after 78 seconds.

The total boil-off rate (ft3/sec) vs. time for this spill is shown on

Figure 4.

CODE VERIFICATION

The work done in this study is primarily analytical in nature and has not
been compared with experiment.

Comparisons with results of other models [4,5] have been made and are
tabulated in Table 1. The comparison involves maximum time to evaporate |
and maximun pool radius for instantaneous spills of 10 m3 and 1000 m3. The

calculational results from all three models agree fairly closely.
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FIGURE 1
VOLUME FRACTION OF METHANE IN LNG VAPORS
LNG SPILL SIZE = 5M°
SPILL RATE = 5M3/50 SEC
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ETHANE AND PROPANE VOLUME FRACTION, %
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FIGURE 2 )

VOLUME FRACTION OF ETHANE AND
- PROPANE IN LNG VAPORS

LNG SPILL SIZE = 5 M°

SPILL RATE = 5 M3/50 SEC

40
TOTAL EVAPORATION
30 _ ETHANE
20 -
POOL BREAK-UP BEGINS

10 J TOTAL

| END OF SPILLING EVAPORATION

_ ' PROPANE

i

0 ! | I T T T T T

O 10 20 30 40 50 60 70 80

TIME, SEC




NITROGEN VOLUME FRACTION, %
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3

LNG SPILL SIZE = 5 M
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BOIL-OFF RATE M3/SEC X 10°

FIGURE 4
BOIL-OFF RATE FROM A SPILL OF 5 m3 OF

LNG IN A TIME OF 50 SECONDS ONTO A WATER SURFACE
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COMPARISON OF MAXIMUM POOL RADIUS, RMAX, AND TIME TO COMPLETE

VAPORIZATION, TMAX, AS PREDICTED BY DIFFERENT ANALYSES

LNG SPILL VOLUME-LIQUID

10 M 1000 M3
ANALYSIS RMAX(M) | TMAX(SEC) | RMAX(M) TMAX(SEC)
LNGVG 20 44 13 m
Fay[5] 16 24 109 108
ragl4] 20 38 15 120
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APPENDIX
page 14

PROGRAM LNDVG(LNGIN, TAPE2=LNGIN LNGGUT TAPE3=LNGOUT)
CALL DEVICE(6HCREATE, BHLNGOUT, 5000
A = REGRESSION RATE OF CONSTITUENT 1 OF THE LNG, FT/SEC
AR = USED IN CALCULATING A
CON = CONSTANT (O, 675)
CP(1) = SPECIFIC HEAT OF CONSTITUENT BTU/LBM/F
DELRO = DENSITY DIFF. BETWEEN WATER ANb LNG ON WATER , LBM/CU.FT.
DELV(1) = VOLUME OF CONSTITUENT I VAPORIZED DURING A’ TIME STEP, CU.FT
DENS = SUMMATION OF DENSITY*VOLUME OF EACH LNG CONSTITUENT
DENS1 = AVERAGE DENSITY OF LNG OGN WATER
DLVS(1) = VOLUME GF CONSTITUENT ! VAPOGRIZED PER SEC. cu FT /SEC
FR(1) = VOLUME FRACTION OF CONSTITUENT I IN LNG VAPOGRIZ

FRI(1) = VOLUME FRACTION OF CONSTITUENT I IN LNG SUPPLIED

FRI1(1) = VOLUME FRACTION OF CONSTITUENT I IN REMAINING SPILLED LNG
G=ACCELERATION OF GRAVITY - FT/SEC/SEC

H = AVERAGE HEIGHT OF LNG _ON WATER SURFACE

HBRK = THICKNESS OF LNG AT_START OF POQOL BREAKUP, FT.

HVAP(1) = HEAT OF VAPORIZATION OF CONSTITUENT I, BTU/L

[CONT = 1 MEANS CONTINUOUS SPILL. ICONT=0., FOR NON- CONTlNUUUS SPILL

INST = 1 MEANS INSTANTANEOUS SPILL. INST=0. FOR NON-INSTANTANEOUS SPIL
LNGIN = NAME OF INPUT FILE
LNGOUT = NAME OF GUTPUT FILE

M2 = MULTIPLIER OF PTIM TO OBTAIN PRINT-OUTS AT GREATER TIME INTERVALS
WHEN I 1S LARGER THAN N}
M3 =MULTIPLIER OF PTlM TO OBTAIN PRINT-OUTS AT GREATER TIME INTERVALS
WHEN 1 IS LARGER THAN N2
M4 = MULTIPLIER OF PTIM TO OBTAIN PRINT-OUT AT GREATER TIME INTERVALS
WHEN CALCULATIGONS ARE BEING MADE DURING POOL BREAK-UP
N = TOTAL NUMBER OF INCREMENTS FOR WHICH CALCULATIONS ARE MADE
N1,N2,N3 = NUMBER OF TIME STEPS AT INCREMENTS OF STEP1,STEP2,STEP3 SEC
NOSPE’ = NUMBER OF CONSTITUENTS COMPRISING THE LNG
g¥MBE¥§#) = NUMBER ASSOCIATED WITH ONE OF - THE CONSTITUENTS OF LNG
PT1 = USED IN CALCULATIONS TG SET PRINT-OUT TIME INCREMENT

PTIM = TIME INTERVAL FOR PRINTOUT OF RESULTS, SEC
Q(i) = QB(1)*A, FT/SEC

QB(I) = RATIO &F QBFT(1) TO QBFT(I) TIMES 3.14
QBFT(1) = HEAT TO VAPORIZE CONSTITUENT | ,BTU/LBM
R = RADIUS OF LNG POOL ON WATER SURFACE

RBRK = INTERIOR RADIUS OF POOL BREAK- UP

EggT = VELOCITY OF POOL SPREAD, FT/SE

R REGRESSION RATE OF LNG bURING VAPGRIZAT]UN FT/SEC
RHOCI) = DENSITY OF CONSTITUENT LBM/CU.FT.
RHOW = DENSITY OF WATER LBM/C #T
RMAX = MAX RADIUS LNG PobL ATTA]NS
RSPIL = RATE OF SPILL OF LNG, CU,FT/SEC
ROAV_= AVG DENSITY OF LNG SUPPLIED, LB/CU.FT.
SPILT = TIME DURATION OF SPILL, SE¢
STEP = ACTUAL TIME STEP USED [N CALCULATION, SEC
TDELV = TOTAL VOLUME OF LNG VAPORIZED PER TIME STEP,CU.FT.
TDLV(I) = TOTAL VOLUME VAPORIZED OF CONST]TUENT 1, EU.FT.
TDLVS = TOTAL VOLUME OF LNG VAPORIZED PER SEC., clU.FT./sEc
TIM = TIME FROM_START OF CALCULATION
TNOT = INITIAL TEMPERATURE OF LNG EGREES RANK NE
TVAP(I) = TEMPERATURE AT VAPURIZA#IUN OF CUNST]TUENT DEGREES RANKINE
TvoL = TOTAL VOLUME VAPORIZED, CU. FT.
V = VOLUME OF LNG ON WATER SURFACE, CU.FT.
VA = USED IN CALCULATIONS TG CALCULATE V
VOL(I) = VOLUME OF CONSTITUENT LEFT ON SPILL SURFACE, CU.FT,.
VOLI = INITIAL VOLUME OF LNG SITTING ON WATER SURFACE TG START CALC’S
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C IN UNITS OF CU.FT.

4 DIMENSION NUMBER(S),FRI(5),RHO(5),HVAP(5), TVAP(5),CP(5),QB(5),Q(S)
1,VOL(5),QBFT(5), DELV(5),FR{5), FRI{ (5),DLVS(5), TDLV(5)
READ INPUT DATA

6 READ(2.1000) INST, ICONT,NOSPE,N1,N2,N3,STEP1,STEP2, STEP3, G, RHOW,
IRSPIL.SPILT, vOL1, TNOT, REGR, HBRK , ROAV, CON, PTIM, M2, M3, M4
WRIT T INPUT DATA
3R|

(o]

(2]

—“HQ=HO—AHON A~~~
v DemaAQe ~M~OMmMrmmmm

ngULl.TNOT,RE R, HBRK, RGAV, PTIM, M2, 13, M4, CON

SPE
Y NUMBER(I), FRIL1),RHO(1), HVAP(I), TVAP(I),CP
0) NUMBER(I),FRICI),RHO(T),HVAP(T), TVAP(1),

030) '
340) INST,ICONTéNUSPE,NI N2,N3,STEP1,STEP2, STEP3, G, RHOW,
o

no0Z
Q

(1)
CP(1)

Qoo~N
-
=DOLATLIL
Z0Q$mMaAVNnD
— TP P

AEQMETERS
l#éEYAP(IJ-TNUT)*HVAP(I))*RHU(I)

/QBFT(1))*vOL(1)/VOL]

25 AB=A
2 3.14/QBFT(1)

TDLV

O % - %
o <

xx0, 3333
\Y

H=R

A=REGR/AB

IFCICONT.EQ. 1) RMAX=(RSPIL/(3.14xREGR))*x0.5
STEP=STEP1

N=N1+N2+N3

N2=NZ2+N1

RMAX=9999.
E TIM,N,RMAX,R,H,DELRO, A
3% DG 40
36 Q(l)=

E I,VvOL(1),QBFT(1),QB(1)
40 CONTé

1100)
c ggAggéE?T1csNTINUGUS OR INSTANTANEOUS SPILL CALCULATIONS
=
1F(1.8T.N1) STEP=STEP2
IF(1.BT.N2) STEP=STEP3
TiIMaTIM+STEP
(TIM,BT.SPILT) RSPIL=0.0
IF(R,EQ.RMAX) GO TO 305
OT-CON*( (GXDELRG /RHOW)xx0,25)x(Vx%0,25) /(TIMxx.,5)
+RDOT*STEP

R
(
ER.EQ.RHAX) RDOT = 0.000
E

1
303 R
304 ?
1
IF(R.EG.RMAX) 1DOT = 1
305 T



347

348
349

3%0
600

602

604

806
607

VA=20.0
DENS=z0.0

DO 310 J=1,NOSPE

DELV(J)=Q(J) xVOL (J) *(
VOL (J)=VOL(J) +RSPIL*F

Rxx2
RI(J

TDELV=TDELV+DELV(J)

VA=VA+VOL (J)

DENS=DENS+RHO(J) *VOL (J)
DLVS(J) = DELV(J)/STEP

CONTINUE

TDLVS = TDELV/STEP

TVOL = TVOL +
Vz=VA
DENS1=DENS/V

TDELV

DELRO=RHOW-DENS1
H=V/(3.14x(Rxx2))
DO 340 M=1, NOSPE
ERII (M)=VOL (M) /V
FR(M) =DELV(M)/TDELV

TDLV(M) = TDLV(M) + DELV(M)

CONTINUE

IF(1.BT.N1) PTIM=PTxM2

T1+STEP
OT.EQ.1)
E.HBRK)

o e e e b e . e R

P
D
.L
T1.
O
IN
E(
E(
E(
E(
DO

O—NJQQQCQ

-.{
"
(=]

™M =
E(3,1200)
E(3,1210)
=PTxM4

F
T
F
F
F
)
)
R
R
R
R
3
T
D
F
0
R
R
T
=
1]
F
3
IM=TIM+STEP
B

1
P
|
|
1
<
C
W
W
W
W
1
P
1
C
I
C
R
W
W
P
D
I
I
T
R

MK =

TI
H
X R
TE(
TE(
M=P
650 1=K
1.8
I
=T1
K=(
R (R
IF(RM

= .
TDELV=0,
DO 610 J
DELV(J)=
VOL (J)aV
IF(VOL(J
VA=VA+VOL(J)

(o]
ai
Q(
CL(J)
)

(

-DELV
.LT.0.0)

GT.N2) PTIM=PTxM3

GO TO 347
GO TO_347

GE.PTIM) GO TO 347

I,TIM,R,H,DENS1,RDOT

TEP/V
STEP-DELV(J)
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(J, VvoLJ), DtVS(J),TDLV(J),FRll(J),FR(J),J=1,NOSPE)

Gé,‘rm.v

GO TO 600

RMAX,H, TIM

T. N1S STEP=STEP2
T.N2) STEP=STEP3

RMAXxx2-(V/(HBRK*3.14)))*x0.5

MAX-RBRK ) /RMAX
K.LT.0.01) GO

,NU PE
JIx(VOL.( J)/V)*(RMAX**Z RBRK*xx2)xSTEP

(J)
VOL(J)=0.0

TDELV=TDELV+DELV(J)
DLVS(J) = DELV(J)/STEP

TO 1660
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610 CONTINUE
TDLVS = TDELV/STEP
TVOL = TVOL + TDELV

V=VA
1F(V.LE.0,0) GO TO 1660
DO 620 M=1, NOSPE
FR(M)=DELV(M)/TDELV
FRII(M)=VOL(M)/V

TOLV(M) = TDLV(M) + DELV(M)
620 CONTINUE

PT1=PT1+STEP .
IF(PT1.GE.PTIM) GO TO 630

[+ 11
- b
WN -

GO0 TG 640

630 CONTINUE
WRITE(3, 1220) I, TIM,RBRK
WRITE(3,1115)
WRITE(3.1120) (J,VOL(J),DLVS(J), TOLV(J),FRII(J),FR(J),J=1,NOSPE)
WRITE(3.1130) V, fDLVS, TVOL
PT1=0.0

640 CONTINUE

650 CONTINUE

1000 FORMAT(312,315,5F10.4,/,7F10.4,/,2F10.4,315)

1010 FOGRMAT(12,5F10.4)

1020 FORMAT(1H1, "LNG VAPOR GENERATION FOR A SPILL OGN WATER - W. STEIN")

1030 FORMAT(//,2X, " INPUT PARAMETERS”)

1040 FORMAT (7, &X, "INST=" 12, 2X, " TCONT=",12,2X, "NOSPE="_ 12, 2X,"N1=",186,
12X "N2=2"'16'2X, "N3=*,16,/.5X, "STEP1=",F10.4, 2X, "STEP2=",F10. 4, 2X,
25StEP3="'F16.4 2X, "6:",E10.4./,5X, "RHbW=" Fi0.4,2x, "RsPiL=" Fio0, 4,

5o, "SPILY=" F10.4,/, 5%, "VOLI=" F1b.4,2X, “¥NOT=" F10.4 2X, “REGR=",
5x,ﬂHBRK=',#1o.4,2x,"R6Av=" £10.4, 2%, "PTiIM=",F10" 4, 2X,

s"M2=".16,7.5X, "M3=",16,2K, "Md=",16,5X, "CON="_,F10. 4)

1050 FORMAT(/7, 6X, 1H1, 3%  6HFR1 (1), aX. 6HRHO (1), 3X, THHVAP (1), 3X,
17HTVAP(1).5X,SHCP (1})

1060 FORMAT(SX.12,5F10.4)

1070 FORMAT(//;2X, " INITIAL AND CALCULATED PARAMETERS AT TIME ZERO")

1080 FORMAT(/, %X, *TIM=",F10.4,2X, "N=", 16, 2X, "RMAX=" F10,6,2X, "R="

1Fi0.6,/,5X, "H=" F10.6,2X “DELRO=* Fi0.2,2X, "a=* F10.6)
10901§ggT?§(§xé{é=;ii2,zx,'VdL(l)=",E12.s.2x,"uéFT(1$=",E12.s,2x,

1100 FORMAT(1H1,2X, "TRANSIENT CALCULATIGNAL GUTPUT") ,
1110 FORMAT(/, 8%, "1",4X, “TIME",8X, “R", 8X, "H", 6X, "DENSITY", 4X, "RDOT", /,

116,5F10.6)
11151F9$I;?'{'§1?X, "vOL(I)",9X,"DLVS(1)",8X,"TDLV(])",3X,"FRII(1}", 4X,

1120 FORMAT(2X,16,3E15.6,2F10.6)

1130 FORMAT(/, i1X, "TOTALS",1X,3E15.86)

1200 FORMAT(1H1, 2X, "POOL BREAKUP CALCULATIONAL OUTPUT")

1210 FORMAT(/, 2%, "RMAX=",F10.6,2X, "HBRK=",F10.4,2X, "TIM=",F10.6)
1220 FORMAT(7 2X: "1=",16.2X, "TIMEZ",F10.4, 2X, “RBRK=",F1 )

1660 WRITE(3,2000)

2000 FORMAT(5X, "LNG HAS EVAPORATED - PROBLEM FINISHED")
FOGRMAT (5X. "MAX RADIUS ATTAINED AT TIME =",F10.6)

EQBL EXIT :
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